Cyclobutanones represent a family of stable yet chemically reactive functionalized small-ring molecules that have potential value as intermediates for the enantioselective synthesis of natural products and therapeutically relevant compounds. 1 In parallel with our studies on organocatalyzed transformations of 2-hydroxycyclobutanone, such as aldolization 2 and α-aminocyclobutanone synthesis, 3 we have also shown that the organocatalyzed aldolization of 3-substituted cyclobutanones can be conducted to provide aldol adducts with high enantio-and diastereoselectivities; 4 whereas ring-expanded products were obtained in organocatalyzed reactions with nitrosobenzene. 5 To explore the scope of organocatalyzed desymmetrizations of 3-substituted cyclobutanones, we undertook an investigation of the Michael addition reaction with nitroalkenes to establish a comparatively gentle way to perform such chemical transformations without disturbing the strained ring and to yield products with high selectivities.
First, a catalyst screening was performed by using the Michael addition reaction of 3-tolylcyclobutanone (1a) with trans-β-nitrostyrene (2a) as the model transformation. L-Proline (I) and two of its derivatives II and III, were investigated, along with Jacobsen thiourea derivative 6 IV, and two squaramide derivatives Va and Vb, which have also proven to be useful bifunctional organocatalysts.
7 The model reaction was performed in different solvents at room temperature for two or four days in the presence of 10, 20, or 30% organocatalyst; the results are presented in Table 1 .
The general trend was for the formation of the expected Michael adduct 3a as a mixture of only two diastereomers, which were isolated in an acceptable yield in most cases.
The major stereoisomer was the same in every case, as confirmed by NMR analysis and by the dextrorotatory optical rotation, with the single exception of the reaction conducted in DMSO in the presence of proline sulfonamide II, which gave a slight preference for the opposite antipode ( Table 1 , entry 2). Reactions carried out in DMSO in the presence of catalysts I, II, and III gave acceptable yields after two days, and were promising in terms of diastereoselectivity but disappointing with respect to enantioselectivity (entries 1-3). When catalyst IV was used at 10 mol% over two days, reactions were more encouraging in terms of the ee values of the major diastereomer; however, the yields of adduct 3a were low when the reaction was carried out either without solvent (entry 4) or in a number of solvents of varying polarity (n-hexane, acetonitrile, THF, DMF; entries [5] [6] [7] [8] . A better yield and a significant enantiomeric excess were obtained when the reaction was performed in chloroform (entry 9), but the highest ee value combined with an excellent diastereomeric ratio were observed in toluene (entry 10). Frustratingly, however, the yield of 3a was low, and only a modest increase was observed with higher (20 or 30 mol%) catalyst loading (entries 11 and 12). Surprisingly, the yield improved significantly when the model reaction in the presence of 10 mol% IV was continued in toluene for four days (entry 13). Only a slight loss of diastereo-and enantioselectivities was observed under these conditions. SYNLETT0 9 3 6 -5 2 1 4 1 4 3 7 -2 0 9 6 © Georg Thieme Verlag Stuttgart · New York 2015, 26, 123-126 letter 
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Finally, the reactions performed in toluene in the presence of squaramides Va and Vb gave only low yields of 3a (entries 14 and 15). Based on these results, the conditions retained for the investigation of the reaction scope were 10 mol% catalyst IV in toluene for four days. We applied these conditions to the reaction of a range of 3-substituted cyclobutanones 1b-g with trans-β-nitrostyrene 2a ( Table 2 ). The reactions of the three alkylated derivatives 1b-d furnished the expected adducts with good yields, reasonable diastereoselectivities, and rather modest enantioselectivities (entries 1-3).
The three arylated derivatives 1e-g provided results that were comparable to those obtained with 3-(4-tolyl)cyclobutanone 1a (Table 2 , entries 5-7). This study demonstrates the generality of the Michael reaction of a range 3-substituted cyclobutanones in which the general selectivity trend is retained. To complement this study, it was appropriate to evaluate the reactivity of other nitroalkene derivatives. To this end, the Michael reaction was carried out by using 3-(4-tolyl)cyclobutanone (1a) and a selection of diversely substituted nitrostyrenes. As shown in Table 3 , under standard conditions (catalyst IV, toluene, room temperature, 96 h), the aryl-substituted nitrostyrenes 2b-d (entries 1-3) underwent Michael addition with 1a to give expected products with yields up to 66%, relatively good diastereoselectivity, and an enantioselectivity in the range 47-73%. Furthermore, the reaction performed with 4-anisylnitroethylene (2e; entry 4) led to the expected product with good yield and diastereoselectivity; however, the major diastereomer was obtained with a significantly lower enantioselectivity.
To rationalize the formation of one major diastereomer, information was required concerning its absolute configuration. Chromatographic separation of diastereoisomers of 3 was generally inadequate; however, when a solution of 3g (Table 2) in diethyl ether/petroleum ether (1:5) was allowed to stand, slow evaporation of the solvent induced some precipitation. NMR analysis of the solid showed that it corresponded to the single major diastereomer of 3g, which was then recrystallized from EtOH and the structure was analyzed by X-ray diffraction 8 ( Figure 1 ). The molecular structure exhibited atranssubstitution geometry on the cyclobutanone ring with an (R,R) configuration, which should be applicable for all the aromatic cyclobutanone derivatives 3e-g and 4b-e exhibiting also an S-configuration at the exocyclic stereocenter. By comparison of the coupling con- 
stants between the protons at the cyclobutanone 2-and 3-positions in the NMR spectrum of the mixture of the two diastereomers of 3g, it was concluded that the minor diastereomer also possessed atransring substitution pattern, although further information on its configuration was not acquired. Given the similarities in physicochemical and spectroscopic behavior of all samples of adducts 3a-g, it is proposed by extension that the same major configuration pattern prevails throughout the series (although the R and S descriptors may vary with the identity of the ring substituents). By using the recent work by Rodriguez 9 as a lead, it is possible to suggest an explanation for the origins of the stereoselectivity in our reactions, taking into account both the geometry of the catalyst and the hydrogen bonding features of the catalyst-enamine intermediate. It is proposed that the preferred alignment of the nitroalkene is that shown in Figure 1 , which brings the reacting centers into proximity while minimizing steric repulsion. In this orientation, nucleophilic attack of the enamine at the electrophilic center followed by cleavage of the carbonyl would give the adduct with an R,R,S-configuration.
In summary, we have examined the Michael addition reaction as a new way of achieving organocatalyzed enantioselective desymmetrization of 3-substituted cyclobutanones. Of the possible diastereomers, one was formed predominantly and reproducibly over a range of substrate examples. A plausible transition-state model is proposed to explain the origins of the selectivity. This stereoselective transformation further underlines the value of cyclobutanones as building blocks for fine organic synthesis, and provides access to materials bearing three contiguous stereocenters in enantioenriched form. 
